Introduction
A complete study of the phase relationships in the binary system Nb20:, -WO:1 has been conducted as part of a continuing program of fundamental phase equilibria studies of ceramic materials. This particular system was selected for study in order to further the knowledge of the crystal chemistry of niobates in view of the results obtained from p~evious structural studies of single crystals [1] [2] [3] [4] . ' Due to the complex nature of the x-ray diffraction powder patterns in this system, conflicting interpretations of the data have been reported [5] [6] [7] [8] [9] [10] [11] . In a previous study of the Nb20 3-WO:I system, Goldschmidt [51 concluded that Nb20:; could accept more than 50 mole percent WO:1 in so lid solution and reported the existence of a compound at approximately Nb20:; : 3WO:1• He also found a limited solid solution of Nb20:; in WO:1• Kovba and Trunov [6J reported that the 1: 3 compound was tetragonal with a s tru cture relat ed to that of a tetragonal tungsten-bronze. Fiegel et al. [71, studied the phase equilibria in the system at 1200 °C and below. They reported only about 33 mole percent solid solution of WO:I in Nb20., with a 3 : 2 compound occurring at 1200 °C and a 1: 1 compound at 1100 °C and below. They found very little, if any, so lid solution of Nb20., in WO:1 and confirmed the ex istence of a compound at about 1: 3 with a limit ed so lid solution for both Nb2 0:; and WOOl. Later [81 they re ported that the 1: 3 composit ion gave single crystal x-ray diffraction patterns which showed superstructure differing from one crystal to the next. Kovba et al. [9] , also attempted to determine the phases formed in this system at about 1200 0c. They concluded that compounds existed at the Nb20:; : WO:I ratios of 4: 1, 2 : 1, 4: 7, and 1 : 3. Theyalso.reported a phase with variable WO:I content occurring at high WO:I concentrations and observed a small amount of solid solution in both Nb20 3 and WO;j.
In a description of preliminary phase identification, Roth and Wadsley [1J on the basis of single crystal x-ray diffraction studies reported the existence of five compounds structurally related to Nb20:; occurring at Nb 2 0:,: WO;I ratios of 15: 1, 6: 1, 7: 3, 8: 5, and 9: 8. They also confirmed the 1: 1 phase and noted the existence of at least three phases related to the tetragonal tungsten bronze-type structure. The crystal structures of 6: 1, 7: 3, 8: 5, and 9: 8, were reported [2, 3] and the "building block" principle was elaborated as the basis of the crystal-chemistry of niobate compounds [4] .
Schafer and Gruehn [10J and Felten [l1J have indicated in private com munications that their interpretations of x-ray diffraction powder data for th e Nb20:;-WO:I system differ in some respects from the previously mentioned published reports. Because of the conflicting nature of the reported data, it was thought desirable to study comp letely the phase equilibria of the Nb20:;-WO:I system. With the use of the unit cell dimensions derived from single crystal data the existence of the various phases in the powder patterns can now be established more readily. The exact compositions of phases can often be determined only by a solution of the crystal struc· ture. The approximate composition and even the existence of a phase can sometimes be found only by a rather complete phase equilibria study. The two disciplines, crystal structure analysis and phase equilibria are therefore complimentary and no sys· tem can be considered to be well characterized unless both such studies have been made. Therefore, x·ray diffraction data together with the melting points of the compounds and solidus and liquidus temperatures at various compositions across the system have been obtained in order to construct an equilibrium diagram.
Sample Preparation and Test Methods
The following starting materials were employed for the preparation of the majority of the specimens:
Nb 20 5 -high purity niobium pentoxide. Spectrographic analysis indicated less than about 0.01 percent Si; 0.001 percent Ca and Mg with As, Cu, and Ta only questionably present. WOa -high purity tungsten anhydride_ Spectrographic analysis indicated less than about 0.1 percent Si; 0.001 percent B, Ca, Cr, and Mg; 0.0001 percent Cu with Pb only questionably present. A few specimens were prepared with less pure starting materials, in order to determine qualitatively the effect of impurities on the equilibrium products . The following is a typical example of the nature of the impurities present in two specimens of Nb20 5 : W03 ratio of 16: S. For the less pure specimen the first series transition elements, in general, are present in amounts of an order of magnitude greater than for the more pure specimen. Nb20 5 : W0 3 (16 : 5) -higher purity end members_ Spectrochemical analyses indicated less than about 0.01 percent Cr, Cu, and Si; 0.001 percent AI , B, Ca, Mg, and Ni; 0.0001 percent Mn with Pb only questionably present. Nb20.,;: W03 (16: S)-less pure end members_ Spectrochemical analyses indicated less than about 0.01 percent AI, Ca, Cr, Cu, Fe, Mg, Ni , and Si ; 0.001 percent Mn; 0.0001 percent B with Pb only questionably present. For the preparation of the s pecim ens, th e weight percentages wer e calculated to within ± 0.01 percent, with no correction s mad e for percentage of purity of the starting materials exce pt for loss on ignition.
For the higher purity specimens, the starting materials were weighed to the nearest ± 0.1 mg, in sufficient quantities to yield 3 g batches. Each batch was mixed in a mechanical shaker for about IS min and pressed into a disk)n a 5/s-in_ diam mold at 10,000 Ib/in 2 • The disks were placed on Pt foil and calcined by heating in air at 700°C for 19 hrs, with heating and cooling rates of approximately 4 DC/min.
The less pure specimens were weighed out in ap-< proximately 1 g batches and mixed with an alumina mortar and pestle. In order to minimize any possible loss of WO:1 these specimens were not calcined after mixing.
Subsolidus, as well as melting point data, were obtained by the quenching technique on samples sealed in platinum tubes. An electrically heated vertical tube furnace wound with 80 percent Pt-20 percent Rh wire was used for the quenching experiments. The furnace was controlled by an a-c Wheatstone bridge controller which was capable of holding the temperature to at least ± 2 DC for an extended period of time. Temperatures were measured with a Pt versus Pt-l0 percent Rh thermocouple which i had been calibrated against the melting points of Au (1063 °C) and Pd (1552 0c) [12] . The thermocouple was recalibrated several times during the course of the work. Specimens were suspended in the furnace by fine Pt wire. In order to quench the wire was fused allowing the sealed tubes to drop out of the heating chamber into a beaker of water. When the tubes were opened the specimens were examined for physical appearances of melting. The first sign of glazing of the surface of the specimen was interpreted as the first experimental evidence for the solidus temperature. Acceptance of this appearance as evidence of melting was found justified in many specimens by an abrupt difference in the x-ray diffraction powder patterns of the specimens. The formation of a concave meniscus , without the formation of relatively large crystals, indicated the liquidus temperature. The overall re producibility of the temperature measurements for the experimental data points was within ± 2 DC or better and the overall accuracy of the reported temperatures was within ± 5 °C or better.
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Equilibrium was considered to have been obtained when the x-ray diffraction patterns of specimens successively heated for longer limes and/or at higher temperatures showed no change. X-ray diffraction powder patterns were made using a high-angle recording Geiger counter diffractometer and nickel-filtered copper radiation, with the Geiger counter traversing the specimen at 1/4~e/min and the intensity of the radiation being recorded on the chart at 1 D 2(}/in. The unit cell dimensions reported can be considered accurate to about ± 2 in the last decimal place listed. { 3. Compounds in the Nb~5-W03 System 3.1. Nbz0 5 The stability relations of the various reported polymorphs of Nb20 5 have been summarized by several workers [13] [14] [15] [16] [17] . It has been concluded that the hightemperature monoclinic form of Nb20 5 is the only i stable form at atmospheric pressure [14, 16, 17] . The c rystal structure of the high·temperature modification of Nbz0 5 has been described by Gatehouse and Wadsley [18] . They report this phase to be monoclini c, (space group P2) with 14 formula units in th e unit r-ell and n=21.16 A, b=·3.822 A, c=19. 35 A, j:J = 119°50'. The x-ray diffraction powder pattern previously listed for Nb20 5 [19] can be more correctly indexed on the basis ' of the published single-crystal intensity data and is shown in table 1. This indexing leads to slightly revised values of the unit cell dimensions, as follows: a = 21.149 A, b = 3.823 A, c= 19.352 A, {3 = 119°48', in excellent agreement with the lattice constants given by Gatehouse and Wadsley [18] . The melting point of the pure Nb20 5 used for this study was previously determined to be 1485 °C [20] . 3.2. Compounds Structurally Related to Nb 20 S a . Compounds Belonging to the Homolagous Series B" "'+ IO"""' -("+"')+4 Roth and W adsley [4] have shown that most of the phases form ed by th e addition to Nb20 5 of oxides with cations similar in size to Nb+ 5 , regardless of vale nce, can be described by th e homologo us series notation B"mp+I031lIllP-(n+1II)P+4. Structurally, these phases are made up of blocks of oc tahedra in a given plane n long and m wide with a variable number ( p) of blocks connected by edge sharing of octahedra at the corners of the blocks. Similar block units occur at two levels in the unit cell, zero and one-half, in a plane perpendicular to one o axis which always has a value of approximately 3.8 A. This axis is the 6-axis of a monoclinic cell or the c-axis of a tetragonal cell. The octahedra occurring at the two different levels are connected to each other by edge sharing except at the junction of four such blocks, two at each level, where they are bonded by a tetrahedrally coordinated cation. Those compounds in the NbzOs-WO:1 system whose structures have been described all have p = 1 and the formula simplifies to B1I1II+ 1 0 311111 -(11+111)+4 , where the tetrahedral position is always occupied by W +6 ions. In this arrangement when n = m, the unit cell is body-centered tetragonal as in PNb!JOz5 [21J.
When n -,6 m th e cell is C-centered monoclinic.
The unit cell of this compound is C-centered monoclinic (probable space group C) having n = 3, m = 4 [2]. The indexed x-ray diffraction powder pattern obtained in the present study is listed in The unit cell of th e last co mpound observed in thi s stru ctural series has n = 5, In = 5 [3] a nd is bodyce nte red te trago nal with t he most probable space group 14 . Th e indexed x-ray diffract ion powder pattern is giv en in table 5 and the unit c~ll dimensions derived from this pattern are a= 26.270 A, c= 3.814 A.
Thi s co mpound is not stable below abo ut 1265 °C and melts in congr ue ntl y at about 1375 °C.
It s hould be noted that the binary equilibrium stability regions of thi s s tru c tural group of compo unds tend to decrease with increasing W+ 6 content. This ph e nom e non is proba bly du e to the in creasin g size of th e bas ic " buildin g bloc k" unit , and therefore to the greate r e nergy needed to maintain long ran ge orderin g. In addition to th e co mpound s with s tructures described by th e homologo us series formula Bl/lnp+ l 03nmp -( 1I + 1II)p+4 , the existence of several other phases has bee n re porte d , but their s tru ctures are, as yet, unknown . Notable among these is the NbOu82 (and (Ti,Nb)02.4d re ported by Gruehn and Schafer [22] which is apparently similar to the 'X' phase reporte d by Warin g and Roth in the sys te m vanadiumoxid e-niobi u m oxide [ Another phase, previous ly unre ported, was found to occur between th e known 6: 1 and 7:3 co mpounds. The composition of this phase was deduced by Schafer (private co mmuni ca tion) to be 13:4 based on oxygen analyses. It was postulated that thi s co mpound might have an the primitive space group and approximate unit cell dim e nsions whic h can be derived for th e postulated 16: 5 structure. The partially indexed powder pattern is given in table 6. It can not be fully indexed without the aid of single crys tal intensity data du e to th e very large size of t he unit cell. Th e struc ture of thi s phase, is actu all y a mixture of bloc ks of 3 X 4 and 4 X 4 occurring in alternate sequence to mak e an "ordered intergrowth " structure [24J. The composition can be arrived at by addi ng the homologous series twice (as for Nbt 0 percent WO:J. This phase is apparently the same as that previously reported to occ ur at about 15: 1, th e structure of which could not be verified [1]. The 30 : 1 ratio is that deduced by Schiifer (private communication). It is apparently composed of some complex packing of the "building blocks" previously described. One possible structure might be n = 3, m = 4, p = 2 (B 250 6t) plus two blocks of n = 3, m = 4, p= 1 (B2S066)=B510128 (25Nb20 5 · W03). Another possibility might be n=3, m=4 , p=2(B250d+n=3, m=5, p=1 (BI6041)=B410105 (20Nbt 0 5 ·WO:J).
The exact structure and composition remain to be proven because no good single crystal data is yet available. The "30: 1" phase was found to melt incongruently at about 1470 °C. Its unindexed x-ray diffraction powder pattern is listed in table 7. A phase isostructural with Nb:J07F [25] might be thought likely to occur in this system, but no such structure has ever been reported in pure oxide systems. Instead a ne w phase was fo und with unit cell dimensions related to the tetragonal tungsten bronze-type structures. Single crystals of the 1: 1 compound were prepared by decomposing the 9:8 phase (made with the less pure end members) at about 1100 0c. Single crystal precession patterns of this phase mad e by A. Perloff of the National Bureau of Standards staff showed these crystals to be orthorhombic, probable space groups Pmab or P2 l ab. From these data the x-ray diffrar.tion powder pattern given in table 8 was indexed with a=16.615 A, b=17.616 A, c=3.955 A.
The compound Nb20 5 · W03 could not be made as a single phase in the quenching e xperiments. X-ray diffraction powder patterns of these specime ns always showed a trace of a metastable bronze-type phase plus some 7Nb20 5 • 3W03 . However, high tempe rature x-ray powder patterns showed that the extra phases disappeared quickly above about 900 ° C. 
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In terp lane r spaclIlg. gonal bipyramid configuration. These rings are connec ted by further corner sharing to form double c hains. The doubled cell in WNb20 s is probably due to an alternate pu c ke ring of the po sitions occupied by the sevenfold coordinated ions, but the proof of this must await a complete single crystal structure analysis.
the indexed x-ray diffraction powder pattern given in table 9. This compound was found to be s table from at leas t 1150 °e to the congruent melting point of about 1380 0c. where n is the number of sub cells of the tetragonal bronze type in the true unit cell and m is the number of pentagonal bipyramid polyhedra occupied by a cation. Each bronze-type subcell has only four pentagonal holes, therefore the maximum value of m must be equal to or less than 4n_
One method of reducing the general formula B 101l +m0301lHn to include the 4: 9 compound and to predict a minimum number of other phases is to assume m=4. This results in the formula B 10l1 +4030n+4- For the 4 : 9 compound n = 3. The composltlOn of n = 2 is N b20 5 ' W 0 3 and the composition of n = 4 would be 2Nb 2 0 5 : 7W03, The 1 : 1 compound does not belong to the ge neral homologou s seri e s but has a unique struc t ur e only vaguely related to the tetrag· onal tungsten bron ze type, as previously described , The structure predicted for 2Nb20 5 • 7W03 would be either orthorhombic with one a -axis multiplied by fo ur or tetragonal with both a-axes doubled . The latter structur e, whic h ex hibits a higher symm etry than the former, was fou nd to occ ur for the 2 : 7 co m· position be tween a minimu m temperature of a bout 1245 °C and t he probable congrue nt melting pdint of 1357 0c. A crys tal structure a nalysis of this com· pound is curre ntly being condu cted by N. Roth a nd Wad sle y [1] reported another compound in this s y s t e m occ urring at a ratio of about 13Nb20 5 : 24WO:!. Kovba and Trunov [9] des cribed a phase to which the y assigned the composition 4Nb20 5 : 7W03. The only logical ratio , near this comp osition, whic h could belong to the general formul a BI 01I +1Il0301l+m is 6Nb20 s : llW03• In order to include this composition with the 4 : 9 and 2: 7 com· pounds in one simplified formula, it is sufficient to pos tulate a series limited to the c ase m = n + 1. The new homologous seri es formula then becomes BII II +103111+ 1. In thi s c ase for the 2 : 7 compound, n = 00 and for 4Nb2 0 s ' 9W03 , n = 3. When n = 2 the co mposition is B230 63 and the predicted structure has two bronze·like subcells in the unit cell, with three filled pentagonal holes. Such a structure would have a very low symmetry and is apparently not formed I ! I in this system, Experimentally the compound "6Nb20 s 11 W03" was found to be orthorhombic, probably with the a-axis of the tetragonal bronze subcell tripled. It is stable from about 1210 DC to the apparently co ngru e nt melting point of 1378 DC. In addition to the ordered bronze-like phases which have been found in the Nb20 5-W03 system, another, apparently disordered, phase has also been reported at about the Nb20s:3WOa composition [5, 6, 7] . In the present study a tetragonal bronze-type phase without any indication of superstructure in the powder pattern was found to occur from about 72 to 74 mole percent W03 in a temperature range from about 1100 to 1250 dc. In the temperature interval from about 1270 to 1358 D C, at least two phases have been found to occur with x-ray diffraction powder patterns suggestive of the Magneli "shear phases" [29] , which are struc· turally related to W03 . These phases have been found to occur between about 91 and 94 mole percent W03• Due to the difficulty of obtaining equilibrium and the complex nature of the diffraction patterns, it is very difficult to decipher the exact composition of the phases by powder data alone. Although no single crystals have been examined, the best interpretation of the data suggests that there are two equilibrium phases having the Nb20 5 : WOa ratios of 1: 11 and 1: 15. These compositions would correspond to the members 11 = 13 and n = 17 of the homologous series BnO:ln -, • It is possible that other struc· trucally related phases are formed in this compositional region which have very little or no thermal stability. Unindexed x-ray diffraction powder patterns for the "1:11" and "1:15" phas es are given in tables 12 an'd 13, respectiv~ly. =7.317 A, &=7.532.A, c=7.684(3.842)A, .B =90055 Thi s pol ymorph can be obt a in ed esse nti all y s in gle ph ase a t roo m te mp e ra ture by quenching a solid soluti on o[ 2N b-! 0 :; : 98WO:l [rom th e te mpe ra tu re inte rval 1230 °C to about 1385 °C, th e solidu s te mpe rature. Thi s polymorp h al so occ urs as a mixture with oth e r polymorph s in specim e ns co nt a inin g 1 a nd 3 mole perce nt Nb-!O". The unit cell dim e ns ions obtain ed from the powd e r patte rn for th e 2 mole pe rce nt Nb2 Q., s pecim en are a = 5.305 A, 6 =5 .192 A. c= 7.671 A, ,8= 91°33' . Th e ind exed x-ray diffrac ti on powd e r patt ern is give n in tabl e 16, utilizin g the 7.671 A valu e for c a s se ve ral peaks necessitatin g thi s doubl ed valu e a re obse rv ed in th e powde r pa tt e rn . Hi ghte mp e ra ture x·ray patt ern s s how thi s phase to be a pp a re ntl y s ta bl e in th e 2 mole pe rce nt N b2 0., co mpos iti on up to a te mp erature of abo ut 735°C, a t whi c h te mpera tu re it tran sform s to a te trago nal polymo rph .
If th e te mp e ra ture i not rai sed above abo ut 750°C, thi s tra ns iti on is reve rs ibl e. H owe ver , if th e te mp era· ture is ra ised to 900°C th e low· te mpe ra ture monoclinic polymorph is not recovered and the te trago nal phase tra ns form s to th e orth orh ombi c polymorph . powd e r patte rn of the triclini c polymorph obtain ed at room te mpe rature from a specime n which had been re moved from liquid nitrogen, is li s ted in tabl e 15. Th e valu e of the c-axi s was again halved , as the large r value is not necessary to ind ex the powd e r patte rn. Accordi ng to Tanisak i, thi s phase is s tabl e from a bout -40°C to about 17 0c. T he triclini c polym or ph was never observed in any of the N b20 5-WO:\ soli d soluti ons.
Tu ngste n trioxide has bee n re ported to be fe rroelectri c below abou t -40°C [33] . Specim e ns of sintere d WO:l co ntaining 2 to 4 mole pe rce nt T a20 0 were re ported to ex hibit ferroe lec tr ic be hav ior at room te mperature [34] . The low-te mperature monoclinic polymorph fo rme d by qu e nc hing a spec ime n co ntaining 2 mole percent b 20 .) was exa min ed for ev id e nce of ferroelec tri c it y [35] . Howeve r, no conclu sive ferroelectri c properti es co uld be found. Although no thermal effect was indicated with DT A, the room-temperature monoclinic polymo!"ph of pure W03 is observed in the high temperature x-ray furnace to transform reversibly at 310°C to an orthorhombic phase in agreement with Wyart and Foex [31] . This orthorhombic form is observed at room temperature in the solid solutions whenever the low-temperature monoclinic polymorph is heated to about 900°C and cooled by removing from the furnace_ The indexed x-ray diffraction powder pattern of a specimen of this polymorph containing 2 mole percent Nb20 s is listed in table 17. It shows no indication of a doubled c-axis and is indexed on the basis of the smaller orthorhombic cell. The unit cell dimensions obtained for this composition, at room temperature, are a=7.384 A, b=7.512 A, c=7_692 (3_846) A. The orthorhombic phase is observed in this composition to transform to tetragonal in the high temperature x-ray furnace at 510 °C and the reverse transition was observed to take place at 440°C. In pure W03 th e orthorhombic polymorph was found to undergo a trans ition to the te tragonal form at about 750°C in the high-te mperature x-ray furnace.
The DTA data indic ated that the phase tran sition occurred at a temperature of 740°C on heating and 730 °C on cooling_ These results are in reasonable agreement with thos e of previous workers [7, 
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The tetragonal polymorph is found as a single phase as low as 440°C in the specimen containing 2 mole percent NbzOs. However, in the 3 mole percent Nb2 0 s specimen, the low-temperature monoclinic polymorph transforms after heating at about 900°C into a mixture consisting predominantly of a tetragonal modification with only a trace of the orthorhombic form_ The unit cell dimensions obtained at room temperature from this composition are a= 5.265 A, c = 3.846 A, and the x-ray diffraction powder pattern from which the data were obtained, indexed on the basis of the smaller cell, is listed in table 18 .
In addition to the transformation at 730-740°C, another transition is observed at about 900°C in pure W03 , as indicated by a very small peak in the DT A pattern. High-temperature x-ray diffraction powder patterns indicate that W03 is tetragonal both above and below this minor thermal discontinuity. It is possible that the unit cell has a doubled coaxes below 900°C and only above this temperature does the powder pattern yield the correct unit cell. However, this hypothesis cannot be verified without single crystal data_ Although W03 might be expected to have a cubic polymorph of the Re03-type, there is no evidence in either the present work or previously reported studies that such a polymorph exists. A I} X 7.692 A). 
Discussion of Phase Equilibria
The postulated phase equilibrium diagram of the binary system Nb20 5-W03 is shown in figure 1 . The experimental data fro m which this diagram was constructed are given in table 19. The system contains four compounds whi c h are shown as melting congruently, 6Nb2 0 5 • W0 3 , "6N b2 0 s ' llW03 , " 4Nb2 0 5 • 9W03 , and 2Nb20 5 • 7W03 • Six co mpound s melt incongrue ntly "30Nb20 s . W03 ," 7NblOS ·3W03, 8Nb20 5 -5W03 , 9NbzOs' 8W03 , and the two Magneli phases estimated to be "Nb2 0 5 • lIWO/' and "Nb2 0 5 • 15W03 ." In addition, two s table phas es, 13Nb2 0 5 • 4WQl and NbzO!\ . WO:J di ssociate before melting as does the apparently m etastable disord ered bronze type solid solution labeled "3 : 8" in the phase diagram _ Six of the compounds (8: 5, 9 : 8, "6: 11", 2 : 7, " 1: 11," and "1: 15") are shown on the phase diagram as having minimum stability te mperatures. In many of these cases, it is impossible to de termine whether or not the minimum temperature represe nts a stable tran sition. The existence of solid solution could neither be defi nitely established in any of the co mpounds nor in Nb2 0 S • However, W03 accepts a maximum of about 3 mole percent Nb20 s in solid solution.
The solidus temperature betwee n the "30: 1" phase and 6Nb20 s . W03 has bee n found to be about 1464 0c.
The exact e utectic composition has not been determined but probably exists between about 7 and 10 mole percent W03 . The peritectic corresponding to the in congruent melting point of 7Nb20 5 • 3W03 occurs at 1440 °C and about 40 mole percent W03• However, the composition of the two peritectics at 1385 and 1375 °C and of the eutectic at 1364 °C, were not determined exactly. They probably occur be tween about 60 and 63 mole percent W03• Both the 8: 5 and 9: 8 compounds apparently have mlmmum temperatures of stability. However, all efforts to locate accurately the temperature of these (table 19) . For both compou nds, the experimental temperature at which the phase begins to form on heating and the temperature at which it begins [0 dissociate on cooling had a wide range of overlap. Furthermore, the actual temperature of the minimum s tability see med to be strongly dependent on the purity conte nt (table 19, parts I and II). For these reasons the minimum stability temperatures of the 8: 5 and 9: 8 are indicated on the phase diagram by dashed lines and the temperatures assigned to each, ~ 1090 and -1265 °C, respectively, represent the best compromise between the inconsistencies in the experimental data.
None of the ordered bronze-type phases can be prepared in reasonable laboratory time at 1100 0c.
The "6: ll" phase was not found to be well crystallized below about 1210 0c. The minimum line at this temperature is dashed to indicate uncertainty in both the temperature value and the stability relation. The same discussion also is relative for the minimum value of the 2: 7. In thi s case, however, the superstructure lines characteris ti c of thi s phase do not begin to appear below about 1245 0c. The three ordered bronze-type phas es, "6:11",4:9, and 2:7, all appear to melt congrue ntly at 1378, 1380 and 1357 °C, respectively. The solidus temperatures between these phases at 1365 and 1335°C appear to be measurably lower than the observed melting temperature of the compounds. However , no eutectic compositions could be experimentally determined , possibly due to reduction and, therefore, the liquidus c urves are necessarily das hed (see di scussion on re duction in sec. 5). The ability to disti ngui s h a two-phase region between the two bronze-type phases 4Nb20 s . 9W03 and 2 b20 s . 7W03 was greatly increased by a separation of those phases in th e experiments of long-time duration. The top of the specimens within the two-phase region showed only 4·: 9 in the x-ray diffraction pattern while the bottom of the specimen showed mostly 2: 7. This apparent gravity separation is probably e nhanced by an appreciable vapor phase in the sealed Pt tube and is considered to be due mainly to vapor transport. A similar gravity separation takes place throughout most of the system and adds more evide nce to the probability of a two-phase region between "6Nb20 s . llW03" and 4Nb 20 s . 9W03 • This two-phase region is based mostly on the different morphology and color of these phases, as well as the slight differences in the superstructure exhibited by single crystal patterns. Almost all of the high-te mperature phases in the Nb20s-W03 system are ne edle formers. Most of those which contain appreciable W03 are yellowgreen or blue-green in color. However, the "6: ll" phase is white and forms tabular crystals rather than needles.
A eutectic exists between the 2: 7 co mpound and the Magneli "shear" phases at about 1340 °C and 83 mole percent W03 . However. the exact compositions of the peritectics at 1356 and 1358 °C, correspo nding to the decomposition temperatures have not been determined. • -lIu l melted.
tW -partiall y melted.
O -co mpl etely melted. X -experiment al data obt ained fr o m "less-pure" materials. Do-hi gh -Iemperatu re x-ra y data.
Tungsten trioxide has been found to accept a maximum of about 3 mole percent Nb20 5 in solid solution at the solidus te mperature of 1358 dc. The amount of solid solution decreases with decreasing temperature to about 2 mole percent at 1230 °C and less than 1 mole percent at 1100 0C. The melting point of WOa was found, in the present s tudy, to be 1435 dc. This value was indepe nde ntly confirmed by E. M. Levin [36] and is in disagreement with the previously published value of 1472 °C (Jaeger and Germs) [37] . In a discussion of the 1472 °C value for the melting point of WOa, Phillips and Chang [38] co nclud ed that this temperature was probably too low and might actually represent the eutectic between WOa and W 200 58 • However, they did not attempt to experimentally determine the melting points of the compounds WOa and W 200 58 or the solidus temperature between them. The 1435 °C value for the melting point of WOa is internally consistent with the experimental phase diagram of both the Nb 20 5-W03 and W03-B 20 3 systems [36] . This value apparently represents the pract ical melting point for the experimental conditions utilized: sealed Pt tube, heated for very short intervals of time (~5 min). This method is preferable to that of Jaeger and Germs [37] who utilized an open Pt crucible and much longer heating time. However, the true melting point of W03 can probably only be established by utilizing an oxygen pressure furnace and extrapolating to one atmosphere pressure. 
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Reduction
As has been previously mentioned there is some tendency for W03 to reduce on heating to high temperatures, even in the sealed Pt tubes_ This tendency is greatly enhanced by subjecting the specimens to high temperatures for extended periods of time. The problem of reduction of W03 is apparently carried into the Nb20 5-W03 system to such an extent that the system may not be completely binary at high temperatures_
The experimental data indicate that the system probably remains essentially binary as long as no melting occurs_ However, above the solidus, reduction very likely takes place and the measured liquidus values may not represent binary equilibrium_ The melting relations around the ordered bronze-type phases, from about 60 to 80 mole percent W03, were particularly difficult to obtain experimentally_ The three compounds at "6: 11", 4: 9 and 2 : 7 all appeared to melt congruently with binary solidus relations between them. However, the liquidus values appear to form smooth curves between these congruent melting points without any indication of a change in slope toward a eutectic composition_ The phenomena is characteristic of a nonbinary system_ For the sake of simplicity, the phase diagram has been drawn to indicate the most likely binary relationships and liquidus curves have been dashed to illustrate the uncertainty in values_ Another indication of reduction occurs in the melting relations of the Bnm+I03nm-(n+m)+4 homologous series compounds_ The phases W 3Nb14044, W 5Nb ls0 55, and W 8Nb l80 69 were all observed to melt incongruently. Experimentally these compound compositions were observed to begin to form a second phase at about 1440°, 1385°, and 1375°, respectively. However, compositions in two-phase regions between these compounds did not begin to form the new phase until considerably higher temperatures, even though the specimen may have shown an appearance of partial melting. This apparent increase in the stability temperature of the phases is dependent on the amount of time the specimen is held at temperature, and binary melting relationships can be approximated by only holding the experimental specimens for relatively short periods of time. It may therefore be concluded that reduction takes place in these specimens, when held above the solidus temperatures_ However, it has previously been concluded [1-4] that the crystal structure of these compounds precludes any appreciable nonstoichiome try. Therefore, it appears likely that, as the W +s ion is reduced, the Nb/W ratio of these phases shifts towards higher tungsten content, maintaining an essentially constant cation:' anion ratio.
In addition to the relatively large amount of reduction which apparently takes place above melting, there is possibly some tendency towards reduction at lower temperatures. The amount of reduction which can take place experimentally below melting is probably several orders of magnitude less than that which occurs above melting because it seems in no way to affect the equilibrium relationships. The only indication of this minor reduction is in a tendency for discoloration of the specimens. Almost any composition in the system, held for long periods of time in a sealed Pt tube will show a much darker green or blue color than does the same composition either held for shorter periods or not sealed. This darker color can always be lightened by annealing the specimen in an open Pt tube, at about 1000°C.
It is intriguing to postulate that the Nb20 5-W03 system might more closely approach binary conditions if the experiments were performed under conditions of high oxygen pressure, such as that utilized by Van Hook [39] . Such studies will probably become more common in the near future_ were calcined for about 2 hr at 1200 °C prior to attempting to obtain equilibrium data. This was because the few preliminary heat treatments, performed at temperatures above 1250 °C, without the 1200 °C calcine, exhibited some indication of melting, whereas those with a prior 1200 °C calcine did not show melting until much higher temperatures. The metastable melting apparently is due to a eutectic type reaction between the metastable bronzetype solid solution (labeled "3: 8" on fig. 1 ) and pure W03_ It must be emphasized that in order to obtain equilibrium products in the region 72 to 100 mole percent W03, this preliminary calcine at 1200 °C is imperative. Without such preliminary heat treatment, neither the 2: 7 compound nor the "Magnelishear" structures can be prepared as single phases.
Metastable Phases and Nonequilibrium

Metastable Phases
The bronze-type solid solution previously mentioned ("3: 8" of fig. 1 ) has been interpreted as a metastable phase for several reasons. It appears to be responsible for very low temperature metastable melting which takes place between about 72 and 100 mole percent W03. The x-ray powder pattern of the bronzetype solid solution shows no superstructure and the phase must contain disordered pentagonal bypyramid polyhedra. It must be concluded that the disordered phase is metastable because it dissociates on heating to two ordered phases. All compositions between about the 6: 11 and 2: 7 ratios, when quenched from above the liquidus exhibit the tetragonal bronze-type "disordered" phase with no indication of any superstructure peaks in the x-ray diffraction powder pattern. In addition, many specimens also show a small amount of a quenched liquid phase which exhibits a poorly defined x-ray pattern characteristic of a disordered Re03 structure, the basic building unit of all the compounds in the system. From about 5 mole percent W03 to at least 15 mole per ce nt W03 another metastable phase is forme d from the quenched liquid. This phase has an x-ray pattern, characteristic of the orthorhombic lowtemperature form of Nb20 s. The diffraction pattern shows diffuse peaks and little or no s uperstruc ture lines. This phase never appears below th e melting point and only forms as a single phase if th e que nc hing temperature is considerably above th e liquidus. The ability of a specimen to be que nc hed as a phase with a powder pattern similar to th e low-te mperature form of Nb20 5 seems to be de pe nde nt on coolin g rate and composition. This phe nome na has been pre viously reported for other niobate sys te ms [23 , 40] .
As shown in table 19, anoth er unknown phase has been found occasionally in nonequilibrium mixtures between about 7 and 25 mole perce nt Nb20 s. All efforts to establis h an equilibrium region for thi s phase have proved n egativ e. It is possible that the unknown compound may represent a co mplex s truc ture involving a mixture of 3 X 3 blo c ks along with the 3 X 4 and/or 4 X 4 blocks normally found in other compounds occurring in thi s co mposition range. S uc h a structure would contain a co nsiderable number of Nb + s ions in tetrahedral coordination and would not be expected to f orm a s table assemblage.
It has been pre vi ously me nti oned [1] that W N b ,2 0 ;;;; appears to h ave a s mall region of homoge neit y, in that the 8: 1 co mpositi on showed only a sin gle phase. However, no chan ge in latti ce para me ters co uld be detected. This apparent region of solid soluti on is most likely due to th e very s imilar powder patte rn s of the 6: 1 compound and th e "30 : 1" phase. A solid solution struct ure co ntaining eith er a co nsid erable numbe r of oxygen vacancies or ca tion interstitials (in either th e te trah edral or octahedral positi on) would be expected to ca use so me meas urable change in the latti ce p a rame ters. On e other possible mechani s m which has bee n suggested for solid soluti on [41] is again raised by th e appearance of the "ord ered intergrowth " struc ture of the 13: 4 co mpound , a nd the s ugges ted possible stru cture of a 25: 1 or 20: 1 co mpound. It is possible that a " di sordered inte rgrowth " of double 3 X 4 blocks might occur in association with the isolated 3 X 4 blocks of the WNb ,20 ;J;J compo und [24] . Such a di sord ered structure or "co mposition al stac king fault" would cau se only a slight broade nin g of so m e of th e lin es of an x-ray diffraction powder pattern, as wou ld a mixture of a small amount of the ord e red second phase. It is proble mati cal as to whether s uc h a picture of solid soluti on would represe nt a s table or only a me tastabl e condition. Neverth eless, proof of s uc h a postulated disorder would necessarily d epend upon other data , outside the scope 303 of this project. A careful electron diffraction and/or electron mi crosco pe study might prove of value in deciph e rin g the nature of any possible disorder of this type.
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